The effectiveness of an Electronic Personal Dosemeter (Siemens EPD) for cosmic-radiation dosimetry at aviation altitudes was examined on eight international flights between March and September, 1998. The EPD values (H epd ) of the dose equivalent from penetrating radiation, H p (10), were assumed to be almost the same as the electron absorbed doses during those flights. Based on the compositions of cosmic radiation in the atmosphere and the 1977 ICRP recommendation, an empirical equation to conservatively estimate the personal dose equivalent (H p77 ) at a depth of 5 cm was derived as H p77 = 3.1 × H epd . The personal dose equivalent (H p90 ) based on the 1990 ICRP recommendation was given by H p90 = 4.6 × H epd ; the conservative feature of H p90 was confirmed in a comparison with the calculated effective doses by means of the CARI-6 code. It is thus expected that the EPD will be effectively used for radiation protection dosimetry on selected international flights.
INTRODUCTION
The population dose from cosmic radiation is rapidly increasing with expanding longdistance journeys using commercial aircraft 1, 2) . Since aircrew members and other frequent flyers are receiving doses of the order of mSv 3, 4) , their individual doses need to be assessed in keeping with radiological protection practices 5) , particularly for female crew members with reproductive capacity. ICRP has recommended that the equivalent dose to the abdomen of a pregnant woman should not exceed 2 mSv during the declared term of pregnancy 5) ; in Sweden, it is recommended that the equivalent dose to the fetus should not exceed 5 mSv for the entire pregnancy period 6) . Moreover, a deeper discussion is needed concerning frequent flyers whose exposure may not always be occupational 4, 7) . The monitoring and control of cosmic radiation for those critical groups are surely important for maintaning radiation protection practices.
The dose rate on a certain flight can be estimated with acceptable accuracy using numerical codes that consider the altitude, latitude, and solar-cycle phase 8, 9) . It is thus possible to calculate an on-board personal dose equivalent. For any persons who do not rely on the calculation, it is more beneficial if they could simply use commercially available portable dosemeters to measure conservative personal doses in real time. An alerting function to an unusual dose or dose-rate increase might be preferable.
Some Si-semiconductor detectors have already been used at aviation altitudes 10, 11, 12) , since they have good potential capabilities. As one future candidate, the Electronic Personal Dosemeter (Siemens EPD), developed by Siemens Plc., was the focus of the present study 13) . The sensitivity of the EPD has been tested and calibrated only for photons and energetic electrons 14) , whereas cosmic radiation at aviation altitudes contains other components, such as muons, protons, and neutrons 1, 2, 15) . It is thus necessary to correct the EPD-indicated values based on the radiation composition in the atmosphere when the EPD is used at aviation altitude.
MATERIALS AND METHODS
The EPD has a portable size of 30 × 63 × 86 mm 3 and a weight of 170 g. A battery of lithium chloride inside the magnesium-alloy case can continuously work for 12 months (2,500 h) without recharging. The dose response of the EPD has been calibrated for photons with energies between 20 keV and 6 MeV, and energetic electrons with energies between 250 keV-1.5 MeV 14) . The angle-dependent fluctuation of the response is ± 30% for both photons and electrons. The sensitivity of the EPD to neutrons is negligibly small (< 2%) on the doseequivalent basis 14) . The EPD detects radiation with multiple silicon PIN diodes, and calculate the doses from the signals with 4-channel parametric algorithm processing. Two quantities for individual radiation monitoring 16, 17) are calculated: the individual dose equivalent, penetrating, H p (10) , and the individual dose equivalent, superficial, H s (0.07). Both quantities are expressed simply by H p (10) and H p (0.07), respectively, according to the new simple concept of the personal dose equivalent at d-mm tissue depth, H p (d) 18) . Accumulated doses with 1 µSv resolution are automatically saved to a magnetic memory with flexible time intervals. The saved data of the accumulated doses can be read out to a personal computer as a function of the elapsed time. The EPD has visible and audible alarm functions for a dose or a dose level higher than a programmable threshold dose level.
In-flight measurements of cosmic radiation were carried out during three journeys from March to September, 1998, at a period of solar minimum. The routes of the international flights are illustrated in Fig. 1 . The airport names are abbreviated as stated in the figure legend. In route (a), we left Japan from NRT to FRA (Germany), took the course of FRA → BUD (Hungary) → FRA, and returned to NRT. In route (b), we left NRT to JFK (USA), and then moved in the United States in the course JFK → MCO → IAH → DEN → LAX, before returning to NRT from LAX. In route (c), we left NRT to DFW (USA), took the flight from DFW to GRU (Brazil), and returned along the same course to NRT. The date and duration of each international flight are summarized in Table 1 . (10) . c Personal absorbed doses at a depth of 5 cm estimated from eqn(1). d Personal dose equivalents at a depth of 5 cm estimated from eqn(2). e Personal dose equivalents at a depth of 5 cm estimated from eqn(3). f Effective doses calculated using the CARI-6 code 34) with assumption that it took a half hour in reaching or descending from the major altitude (11.6 km). The EPD-indicated values were recorded at intervals of 1 h for routes (a) and (c), and in intervals of 2 h for route (b). The EPD was kept in a hand luggage or suite pocket during the journey. We think that such a way of handling of the EPD is not a significant issue in the dosimetry of energetic, strongly penetrating cosmic radiation; the dose distribution in a human body has been considered to be fairly flat for cosmic radiation 15, 19) . X-ray inspections at the airports to the EPD were avoided.
RESULTS AND DISCUSSION

Estimation of the personal absorbed dose
In general, the health risk from cosmic-radiation exposure has been discussed based on the dose equivalent at a depth of 5 cm in a tissue slab 1, 2, 15, 20) . The main reason is that the blood-forming organ, which is the most radiation sensitive, is located at a depth of about 5 cm. Thus, dose equivalents from strongly penetrating radiation, H p (10), were employed as the EPD-indicated dose values (H epd ) in the present study, whereas little difference was found between the H p (10) and H s (0.07) values, as expected for energetic cosmic radiation 15, 20) . , and Japan-Brazil (c). These data are plotted as a function of the elapsed time. The EPD showed notable increases in H epd when aboard these flights. On the ground, H epd constantly increased at less than one-tenth the dose rate of that in an aircraft flying at about 11.6 km (38,000 feet) in altitude. The values of H epd for the eight international flights are summarized in Table 1 .
The H epd values, however, are surely different from the real dose equivalents, because EPD is mostly insensitive to neutrons 14) . Moreover, cosmic radiation contains other radiation components, such as muons and protons, for which the EPD response is unknown. In Fig. 3 , the H epd rates for the eight international flights are plotted versus the major altitude (11.6 km). The H epd rates varied by a factor of about 2 from 0.82 µSv h -1 (GRU→DFW) to 1.7 µSv h -1 (NRT → FRA and NRT → JFK). The dose rate increased with increasing geomagnetic latitudes, as commonly observed in previous measurements [21] [22] [23] [24] [25] . Plots of the H epd rates are compared with the model prediction of deep absorbed-dose rates in Fig. 3 for electrons, protons, neutrons, and muons at 5-cm depth in a 30-cm tissue slab for 55°N of geomagnetic latitude (λ m ) at solar minimum 1, 26) . The H epd rates measured for flights at comparable geomagnetic latitudes, i.e. NRT→ FRA (51°N) and NRT → JFK (49°N), were close to the calculated absorbed dose rates of the electrons. This result is reasonable based on the fact that the EPD was designed for the dosimetry of energetic electrons (0.25-1.5 MeV) that cover a large part of cosmic electrons 27) . For more quantitative discussion on the EPD efficiency for cosmic radiations, responses of EPD to highly energetic components, such as cosmic protons and muons, are to be examined.
According to a model calculation 26) at a high geomagnetic latitude (λ m = 55°N), the absorbed doses of muons, protons, and neutrons are about 10%, 25%, and 25% of electron dose, respectively. These fraction values were adapted here from the viewpoint of radiological 
The D 50 values estimated from eqn(1) are indicated in Table 1 . The D 50 rates during the eight international flights are plotted in Fig.4 versus the major altitudes. The D 50 rates ranged from 1.3 µGy h -1 (GRU→ DFW) to 2.7 µGy h -1 (NRT→FRA and NRT→ JFK). These values are considered to be appropriate compared to previous data; for example, Beaujean et al. 11) reported the values of 1.61-1.68 µGy h -1 during two round trips between Rome and Tokyo. The D 50 rates obtained by eqn(1) are compared with model predictions at solar minimum: the personal absorbed doses calculated for λ m = 55°N and 43°N 15) and the air absorbed doses calculated for λ m = 0°N 1) . It can be seen that the D 50 rates are consistent with the calculated values over a wide range of geomagnetic latitudes.
Evaluation of the personal dose equivalent based on ICRP-26
The dose equivalent is defined as the product of the absorbed dose and the effective quality factor (Q e ) 28) . The Q e values for low-LET radiations, such as electrons and muons, are assumed to be unity 1, 22, 23) , whereas the Q e value for cosmic protons is unclear. A value of 2 was adopted here according to the fact that cosmic protons are very energetic 26, 29) . This value is considered to be conservative, since a Q e value of 2.2 has been reported for trapped particles having higher LET values than galactic protons entering the atmosphere 30) . For neutrons, Hajnal et al. 19) gave a Q e value of five as a rough average at a depth of 5 cm on the sea-level ground and Patterson et al. 22, 31) employed a value of 6.5 for cosmic neutrons. NCRP 1) has suggested that a value of about six would be appropriate for estimating the ambient dose equivalent on ground 16) ; this value can be applied to aviation altitudes, since the neutron spectrum varies only slightly from the ground to aviation altitude. With these considerations, a Q e value of 6 was chosen for neutrons. According to the absorbed-dose balance of the major radiation components at high geomagnetic latitude (λ m = 55°N) 26) , the Q e value for the entire radiation components was calculated to be 1.94. This value is considered to be reasonable in a conservative sense, compared to previous data. Hewitt et al. 22) reported values of 1.7 and 1.9 for two flights at 38-48°N with a major altitude of 12 km. Nguyen et al. 32) measured the Q values in real time at 10-17 km in altitude, and found that 75% of the Q values were less than 1.5, and 21% were in the range of 1.5 -3.0. Consequently, the personal dose equivalent (H p77 ) at 5-cm tissue depth is given by 
The H p77 values estimated from eqn(2) are indicated in Table 1 for the eight international flights. The H p77 rates are plotted in Fig. 5 as a function of the altitude. The H p77 rates ranged from 2.5 µSv h -1 (GRU→ DFW) to 5.2 µSv h -1 (NRT→ FRA and NRT→ JFK). These values are considered to be appropriate compared with the ambient dose equivalents obtained in previous measurements 10, 11, 24, 25, 33) ; for example, Tommasino 33) reported values of 4.6 -4.9 µSv h -1 in a round trip between Milan and Tokyo. As a result of a comparison with a model calculation 15) for λ m = 55°N and 43°N at solar minimum, the H p77 rates obtained for the flights at comparable geomagnetic latitudes, i.e. NRT →FRA and NRT→ JFK, agreed well with the calculated dose equivalents (Fig. 5) .
The H p77 rates were also compared to the dose-equivalent rates measured by Thomas et al. 22, 23) from May 1974 to November 1976, during a solar minimum. The data are shown together as a function of λ m in Fig. 6 . The H p77 values are plotted for λ m of the departure/ arrival airports; the precise λ m range of each flight is not clear. The H p77 rates were mostly higher than the previous data, despite the fact that Thomas 23) used a high Q e value (= 13) for neutrons. It is thus expected that the H p77 values obtained from eqn(2) are conservative for the selected international flights; this feature is preferable in view of radiological protection. The difference between the H p77 rates and the previous measurements became smaller at lower λ m . This may be attributed to a smaller contribution of electrons relative to other radiation components at low λ m . The efficiency of the EPD is probably smaller in a muon-dominated field.
Evaluation of the effective dose based on ICRP-60
The Q(L) function in the 1977 ICRP recommendation was modified in 1990 5) with the introduction of a new concept of radiation weighting factors (w R ). The Q or w R values for electrons and muons are also unity in the new concept. Whereas, a higher Q or w R value has been suggested for protons. The new recommendation, however, has not been employed for cosmic protons; the value of 2 remains to be accepted 2) . Ferrari et al. 29) has pointed out that the w R value of 5 causes a problematic situation concerning the higher effective dose equivalent exceeding the ambient dose equivalent. For neutrons, a value of 20, not 10, has been adopted for 0.1-2.0 MeV neutrons. As a result, the dose equivalent from cosmic neutrons has to be doubled 6) . In this case, the Q e value for all particles was calculated to be 2.88, according to the balance of radiation components at λ m = 55°N on the absorbed-dose basis 26) . Thus, the personal dose equivalent (H p90 ) following the new recommendation can be given by 
The H p90 values estimated from eqn(3) for the eight international flights are summarized in Table 1 . The conservative feature of these values was confirmed in a comparison with effective dose values (E CARI ) calculated using the CARI-6 code 34) , which can be freely downloaded from the web site of the FAA Radiobiology Research Team 34) . Technical details of the routedose calculation have been reported in a paper by O'Brien et al. 35) . In the calculation, it was assumed that it took a half hour to reach or descend from the maximum altitude (11.6 km) for all of the flights. As can be seen in Table 1 , no H p90 value was below the E CARI in all of the flights. It is thus expected that conservative effective doses at aviation altitude can be estimated using the EPD in a simple way on selected international flights.
CONCLUSION
Since any flight-route doses can be estimated by model calculations with acceptable accuracy 4, 9) , personal dosemeters would be requested only by small critical groups, such as pregnant women and non-occupational frequent flyers, who are anxious about even low-dose radiation exposure. They may hope to confirm personal doses on board in real time using a simple-handling dosemeter. Based on these considerations, the present study discussed the capability of one of the commercially available products for radiation protection dosimetry on selected international flights.
Note that the values of H p77 or H p90 calculated from eqn(2) and eqn(3), respectively, are accompanied by considerable systematic errors related to possible changes in the particle species, and energies depending on the flight schedule and solar-cycle phases. Changes in the cosmic-radiation composition should affect the conversion factors from H epd to H p77 or H p90 , although the potential errors are difficult to be quantified. Higher values of the conversion coefficient may be needed for polar-region routes. It is hoped that the conservative feature of eqn(2) and eqn(3) will be verified in other opportunities involving a situation with the presence of a solar particle event. If it is possible in a practical sense, we can establish more precise dosimetry by adapting a different conversion factor specific to each flight route. Also, it is desirable to improve the technical features of EPD, such as the neutron/proton sensitivity, minimum dose resolution, and responses for wider energies and other radiation types. Combined use of other small detectors with different features, as tested in past flight experiments 4, 10, 12, 24, 33) , will surely increase the reliability of cosmic-radiation protection dosimetry.
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